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I. INTRODUCTION
R APID-SINGLE-FLUX-QUANTUM (RSFQ) logic circuits are a promising technology for realizing future ultra-fast digital systems with low power consumption [1] . Recently, SFQ circuits such as microprocessors [2] , [3] and network switches [4] have been successfully demonstrated at operating frequencies of a few tens of GHz. However, a lack of short access-time, high-density memories is an impediment to realize high-performance digital systems using RSFQ logic circuits. As a candidate for such a memory, we have been investigating RSFQ shift register memories [5] , [6] , in which the storage nodes are formed by using an array of high-density RSFQ shift registers and the data are accessed bit-serially. The advantages of the shift register memory are high throughput and low power consumption compared with the latching type Josephson memories [7] , [8] . In addition, the shift register memory has good compatibility with our RSFQ microprocessor based on bit-slice architecture.
Although the circuit scale of RSFQ LSIs is increasing and recently reached tens of thousands of junction levels, we have come up against several issues in terms of the circuit yield in this circuit scale. The circuit yield of large RSFQ circuits is thought to deteriorate for several reasons, such as defects, flux trapping, magnetic flux induced by large currents, timing jitter, and so on. Therefore, a systematic study on the reliability and stability of large RSFQ circuits is necessary to solve these issues. These circuits are good test circuits for investigating the reliability of large circuits because of their regularity and large circuit scale. In this paper, we designed an error-rate measurement system and examined the error rates of an 8 8-bit shift register memory in order to demonstrate the reliability of the shift register memory.
II. ERROR-RATE TEST SYSTEM FOR RSFQ SHIFT
REGISTER MEMORIES Fig. 1 shows a block diagram of an 8 8-bit shift register memory. The memory is composed of a packet decoder, eight 8-bit shift registers (SR) with nondestructive read-out operation, and a tree of confluence buffers. The packet decoder switches the data and clock into the appropriate shift register specified by the 3-bit address. Fig. 2 shows a block diagram of the 8-bit shift register [6] , where counter flow clocking is used to reduce the memory access time. The shift register has an internal feedback loop to achieve nondestructive read-out operation. Fig. 3 shows a block diagram of the error-rate test system for the shift register memory. The test system is composed of a 16-bit pulse generator, a 16 GHz clock generator (CG) and a shift register memory. The error-rate measurement of the memory is carried out as follows. At first the memory is set to 1051-8223/$25.00 © 2007 IEEE Fig. 3 . Block diagram of the error-rate measurement system for the shift register memory. the write mode, and initial 8-bit data are loaded at low speed into the shift register specified by the memory address. Then the memory is switched to the read-out mode. When a trigger pulse (Read Trg) is applied to the 16-bit pulse generator, it generates SFQ pulses and sends them to the CG. At each input of the SFQ pulse, the CG generates and sends eight clock pulses to the shift register memory at 16 GHz, and the 8-bit data stored in the shift register are read out times at high speed. Finally, the data in the memory are read out again at low speed and are compared with the initial data to check for errors. The frequency of the 16-bit pulse generator is 1 GHz, which is designed so that the cycle time is longer than the 8-bit read-out time of the shift register memory. The -times read-out and the error check were repeated many times and the system error rate was evaluated. Fig. 4 shows a block diagram of the 16-bit pulse generator, whose architecture is similar to that proposed previously [9] . When a trigger pulse is applied to the pulse generator, a re-settable nondestructive read-out (NDRO) cell is set to the "on" state, and an SFQ pulse starts to go around the Josephson transmission line (JTL) loop to generate high-speed SFQ pulses. The control circuit is composed of an array of re-settable T flip-flops (RTFF) and D flip-flops (DFF), which sends a stop pulse to the NDRO after counting up pulses. The CG for 8 clock pulses is a ladder-type high-speed clock generator [10] and is composed of an array of splitters and confluence buffers.
We designed and implemented an 8 8-bit shift register memory and the error-rate test system using the CONNECT cell library [11] and the SRL 2.5
Nb process [12] . memory is . The bias current feeding line of the CG is separated from the other circuit blocks, so that the frequency of the CG can be varied independently by changing its bias current. Fig. 6 shows the DC bias dependence of the system error rate of the 8 8-bit shift register memory for various memory addresses, where the clock frequency is 16 GHz, and the stored data pattern is "11010001." It can be seen that the DC bias margin for the system error rate of is better than 5% for every memory address. Fig. 7 shows the DC bias dependence of the system error rate of the memory for various data patterns at 16 GHz for the different samples. In Fig. (7a) , the number "1" of the stored data is changed. In Fig. (7b) , the number "1" of the data is the same but the data pattern is changed. One can see that the system error rate is affected by the stored data pattern, though the narrowest DC bias margin of 4% is still sufficient for the circuit operation. This data pattern dependence is due to the data-dependent variation of the timing of the DFF and NDRO used in the shift register. Fig. 8 shows the DC bias dependence of the system error rate of the memory for various clock frequencies, where the memory address is "011," and the stored data pattern is "11010001." One can see that the system error rate gradually increases with an increase of clock frequency, especially at lower bias conditions. This upper bound of the operating frequency is limited by the timing in the feedback loop of the shift register. Fig. 9 shows the DC bias dependence of the bit-error-rate (BER) of the memory cell of the shift register at 16 GHz for the address "011" and the data pattern "11010001." The BER of the memory cell is calculated by dividing the system error rate by the data length of the shift register and the read-out times in a single error test, i.e., 8 and . It can be seen from the figure that the BER of the memory cell is better than with the DC bias margin 5%. 
III. EXPERIMENTAL RESULTS

IV. DISCUSSION
The BER of a small circuit element is theoretically given by (1) where is the resistance of the system under consideration, is the Boltzman constant, is the effective temperature, is the bandwidth of the system, is the bias current, and is the bias current where the error rate becomes 0.5 [13] , [14] . In Fig. 9 , we plot the fitting curves obtained from (1) . One can see that the agreement between the measured and calculated results is quite good. If we extrapolate the fitting curves, we can estimate that the DC bias margin is better than 2.5% for the BER of , which is required for digital applications.
V. CONCLUSIONS
We designed a error-rate test system for RSFQ shift register memories to investigate the reliability of large RSFQ logic circuits. The dependence of the system error rate on the memory address, the data pattern, and the clock frequency was examined. The measured bit-error-rate of the memory cell of the 8 8-bit shift register memory is lower than with DC bias margin better than 5%.
